As first prop o sed by W oese, Fox and colleagues [1] [2] [3], the A rc h aeb acteria include the m eth an o g en s, extrem e halophiles and sulfur m etabolizing therm oacidophiles. A rc h aeb acteria are distinguished from th e E u b acteria on the basis of their 16 s rR N A se quences, the presence of ether-linked lipids in their m em branes and o th e r biochem ical criteria. A third, equally distant branch from the com m on ancesto r, or pro g en o te, was hypothesized to lead to the eu k a ry otes [4] , R ecently, L ake has challenged the concept of a m onophyletic archaebacterial kingdom based on studies o r ribosom e m orphology [5] and a re-analysis o f 16 s rR N A sequences using a rate -in d ep e n d en t m ethod [6 , 7], A ccording to the L ak e tre e , the H +-pum ping A T Pases are highly conserved, p ro b ably ubiquitous enzym es which are proving to be use ful for evolutionary com parisons of highly divergent species [8] [9] [10] . H +-A T Pases have been divided into th ree m ain categories: P (or E lE 2 -ty p e ) , F (o r F 0 F r type) and V (or vacuolar type) [11, 12] . P-A T Pases function as cation pum ps on the plasm a m em branes o f eu k ary o tes and eu b acteria (e.g. E. coli [13] and Streptococcus faecalis [14] ). T he diagnostic featu re of th e P -A T Pases is the form ation of a phosphoenzym e in term ed iate during catalysis. F -A T Pases are p resen t in m itochondria and chloroplasts of eu k ary o tes, and in the plasm a m em branes of m ost eu b acteria. V -A T P ases, the m ost recently discovered class of H +-A T P ases, are p resen t on m em b ran es o f the v acuolar system in eukaryotic cells w here they serve to acidify intracellular com partm ents. U ntil now, n eith er F-o r the V -type A T Pases have been found to form a phosphoenzym e catalytic in term ed iate [1 1 ,
Introduction
As first prop o sed by W oese, Fox and colleagues [1] [2] [3] , the A rc h aeb acteria include the m eth an o g en s, extrem e halophiles and sulfur m etabolizing therm oacidophiles. A rc h aeb acteria are distinguished from th e E u b acteria on the basis of their 16 s rR N A se quences, the presence of ether-linked lipids in their m em branes and o th e r biochem ical criteria. A third, equally distant branch from the com m on ancesto r, or pro g en o te, was hypothesized to lead to the eu k a ry otes [4] , R ecently, L ake has challenged the concept of a m onophyletic archaebacterial kingdom based on studies o r ribosom e m orphology [5] and a re-analysis o f 16 s rR N A sequences using a rate -in d ep e n d en t m ethod [6 , 7] , A ccording to the L ak e tre e , the m eth an o g en s and h alobacteria group w ith th e o th er b acteria, while the su lfu r-d ep en d en t therm oacidophiles and the eukaryotic host cell form a sep arate " eo cy te" b ranch diverging from the com m on ances to r [7] . G iven th e conflicting results from the analysis o f 16 s rR N A , phylogenetic studies of o th e r m olecu lar m arkers are n eeded.
H +-pum ping A T Pases are highly conserved, p ro b ably ubiquitous enzym es which are proving to be use ful for evolutionary com parisons of highly divergent species [8] [9] [10] . H +-A T Pases have been divided into th ree m ain categories: P (or E lE 2 -ty p e ) , F (o r F 0 F r type) and V (or vacuolar type) [11, 12] . P-A T Pases function as cation pum ps on the plasm a m em branes o f eu k ary o tes and eu b acteria (e.g. E. coli [13] and Streptococcus faecalis [14] ). T he diagnostic featu re of th e P -A T Pases is the form ation of a phosphoenzym e in term ed iate during catalysis. F -A T Pases are p resen t in m itochondria and chloroplasts of eu k ary o tes, and in the plasm a m em branes of m ost eu b acteria. V -A T P ases, the m ost recently discovered class of H +-A T P ases, are p resen t on m em b ran es o f the v acuolar system in eukaryotic cells w here they serve to acidify intracellular com partm ents. U ntil now, n eith er F-o r the V -type A T Pases have been found to form a phosphoenzym e catalytic in term ed iate [1 1 , T he m em brane A T Pases of a num ber of archaeb acteria have been characterized biochem ically. T hese studies have indicated th at the H +-A T P ases of H alobacterium halobium [15] , H. saccharovorum [16] , Sulfolobus acidocaldarius [17, 18] and M ethanosarcina barkeri [19] are in som e respects m ore sim ilar to V -A T P ases than to F-A T Pases. An exception seem s to be the M ethanococcus voltae A T P a se, w hich form s a phosphoenzym e in term e d iate and is th erefo re classified as a P-type A T Pase [20] .
T he sequences of the a and ß subunits of 5. acido caldarius [2 1 , 2 2 ] w ere recently com pared w ith those o f the ß and a subunits, respectively, of the F -A T P ases, and the 70 and 60 kD a subunits, respectively, o f the V -A T P ases [10] . T he Sulfolobus subunits w ere 50% identical to the V -A T P ase subunits, and only 25% identical to the F-A T Pase subunits, clearly indi cating th a t the Sulfolobus A T Pase is a V -type H +-A T P ase. M oreover, since the two types of subunits (60's and 70's in V-, and a and ß in F -A T Pases) are hom ologous to each o th e r, they presum ably arose by gene duplication prior to the divergence of A rchaebacteria, E u b ac teria and E uk ary o tes from th e com m on ancestor. This view is supported by the phylo genetic analysis of the available sequences. B ased on this analysis we have proposed th at the prog en o te diverged into two m ain branches: one giving rise to the E u b acteria, the o th e r leading to Sulfolobus and the eukaryotic host cell [1 0 ]. W hile the above schem e is consistent w ith L a k e 's tre e , it leaves unansw ered the question of the rela tionship betw een Sulfolobus and the other A rchaeb acteria. U sing oligonucleotide prim ers directed to th e highly conserved flanking sequences of the core region of the V -A T P ase 70 kD a subunit, we am pli fied and subcloned a 930 nucleotide fragm ent of M ethanococcus therm olithotrophicus genom ic D N A by the polym erase chain reaction (PC R ) technique. T he results show th a t M ethanococcus and Sulfolobus b elong to a m onophyletic group with respect to the eu b a cteria and eukaryotes. 
P rim er synthesis
T h e design of oligonucleotide prim ers rep rese n t ing consensus sequences in highly conserved regions o f o th e r alread y know n H +-A T P ase 70 k D a subunits is explained in detail in the R esults section.
P olym erase chain reaction (PC R)
T h e reactio n volum e was 100 (il containing 0.2 pig genom ic D N A (tem p late ), 1 |j.m each p rim er, 10 mM T ris/H C l, pH 8.3, 50 mM KC1, 1.5 mM M gCl2, 0.01% (w/v) gelatin, 1.25 mM of each nucleotide (d A T P , d C T P , dT T P , d G T P ) and 2 .5 u n itso f Jag -p o ly m erase. 
C loning and sequencing
A fte r A p a l digestion the elu ted am plified p roduct was cloned into A p al/E co R V -cu t pB luescript (p B lu escrip t D N A sequencing system , S tratag en e, L a Jo lla C A , U .S .A .). Subclones w ere g en erated using th e restrictio n sites for H in d lll (261), E coR I (580) an d PstI (750). T he w hole sequence was cov e re d by at least tw o different subclones. D ouble stra n d e d sequencing w as p erform ed w ith sequenase (U .S . B iochem . C o rp .) [24] using [a 35S ]thiodA T P as label [25] . Subclones w ere sequenced in both direc tions such th at the final sequence was the result of fo u r in d e p en d e n t sequencing reactions. T o assess the fidelity o f the 7tfg-polym erase the pro d u cts of two o th er in d e p en d e n t P C R s w ere p artially sequenced (see R esu lts section).
C hem icals
T ag-polym erase from P erk in -E lm er C etus. R e striction enzym es from B ethesda R esearch L ab o rato rie s. [a 3 5 S]T hiodA T P (specific activity 1000 C i/m m ol) from N ew E ngland N uclear. 
Fidelity o f the D N A polym erase
A s the 7tfg-polym erase lacks exonuclease activity, it has no p ro o f reading activity and th e re fo re exhibits a relatively high erro r rate [26] . W e assessed the fidelity of the enzym e u n d er th e chosen reaction co n ditions by re-sequencing 420 nucleotides from the en d s, using fragm ents derived from tw o o th e r in d e p en d e n t am plification reactions. Since the resulting sequences w ere identical, the likely e rro r rate of the enzym e is < 0.24% with regard to the final sequence and < 2.7 x 10~r' per in co rp o rated base during each am plification step.
The am ino acid sequence
T he peptide encoded by the am plified region is very sim ilar to the core region of the catalytic subunit o f V -A T Pases and even m ore sim ilar to th a t o f the S. acidocaldarius enzym e (Fig. 4) . T he sim ilarity to th e ß-subunits o f F -A T Pases is m uch less, although still recognizable (Fig. 4) . T he M. therm olitho trophicus sequence contains m ost o f the residues th at have been im plicated in A T P binding and A T P hy drolysis [27, 28] (e.g. the "G -K -T -V "-region, re sidues 159-162 in Fig. 3 ). T he am plified fragm ent and it is also absent from the noncatalytic subunits of b oth types of enzym es (60's in V-and a 's in F -A T P ases) [10] . T he la tte r are also derived from the same ancestral gene in the p rogenote (paralogous sub units) [10, 30] . T he sequence im m ediately in front of the right prim er (298-309 in Fig. 3 ) corresponds to the region in the F -A T Pase th at has been suggested to be hom ologous (analogous?) to the phosphorylation d o m ain of the P -A T Pases [31] . This region is p articu larly conserved am ong the various V -A T P ases as well as betw een F-and V -A T Pases, b ut is surprising ly dissim ilar b etw een th e M. therm olithotrophicus se q uence and o th e r V -A T P ases (Fig. 4 and T able I) . F u rth e rm o re , it co n tain s an as p artate residue fol low ed by lysine in th e sam e positions w here the phosp h o ry lated a sp artate is located in the P -A T Pases (T able I). T o g eth er w ith the o bservation th at the H +-A T P ase of M ethanococcus voltae, which is know n to be a P -type A T P ase, has som e p ro p erties th a t are m ore typical of V-or F -A T P ases than of P-A T P ases (e.g. dissociation of the catalytic subunit by high salt buffers [2 0 ]), th e conservered asp artate sug gests the possibility th a t the M ethanococci m ight have a V -type A T P ase th a t becom es p h o sphorylated during the catalytic cycle. 
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41] T T T K K G S I T S V 307
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Nicotiana C [44]
S S L G E G S M T A L 317
Saccharomyces M [45] E K E G S G s L T A L 361
Rhodospirillum [46] 
P hylogenetic relationships B ased on the alignm ents given in Fig. 4 , it is obvi ous th a t the M. therm olithotrophicus sequence is m uch m ore sim ilar to the V -A T P ases of eukaryotes than to the eubacterial enzym e. C loser inspection reveals th a t the M . therm olithotrophicus sequence is slightly m ore sim ilar to the S ulfolobus sequence (58% identical residues) than to the eukaryotic sub unit (54% identical residues). H ow ever, one cannot infer the phylogenetic relationships directly from the d egree of sim ilarity. This is because sequences which evolve m ore slowly m ight be m ore sim ilar to each o th e r than to m ore rapidly evolving sequences, even though they m ight have a m ore recent com m on an cesto r with the latter.
T o deduce th e phylogenetic relatio n am ong the different A T P ase subunits, and to assess th e signifi cance of the derived branching o rd e r, we em ployed a n u m b er of analytical program s. Since none of the p rogram s th at allow for statistical evaluation of the various possible b ranching o rd ers is currently able to use p ro tein sequences, th e n ucleotide sequences w ere aligned according to th e p ro tein sequence align m ent.
P rotein sequences from a n u m b er of A T P ase su b units (ref. Fig. 5 ) w ere aligned to the M. ther m olithotrophicus sequence using F eng and D o o lit tle 's m ultiple alignm ent p rogram [49] . In o rd e r to faithfully preserve the n on-hom ologous region with respect to the a and ß su b u n its, it was necessary to set the G A P P E N p a ra m e te r to 16. T his led to a m is alignm ent of a sm all region conserved in all catalytic subunits which was co rrected by hand (see Fig. 4 
M. t. 177-V -Y -I-G -C -G -E -R -G -N -E -187
). This re gion norm ally aligns correctly at trad itio n al (low er) gap penalties. T he tree for the evolution of the A T Pase subunits displayed in Fig. 5 was calculated using F elsen stein 's m axim um likelihood m eth o d [50] . If one excludes th e possibility of lateral gene transfer, the topology o f this tree can be directly translated into the evolu tion of organism s, although the branch lengths p ro b ably becom e m eaningless since little is know n about how the rate of substitution has changed during evolution [53] . It seem s th a t the deeper branches in th e A T Pase trees are exaggerated w hen com pared to trees o b ta in ed w ith o th e r sequences (e.g. 16 s rR N A [7, 54] o r ribosom al A p ro tein [55, 56] ) and are p ro b ably also exaggerated w ith respect to tim e. O ne p o s sible explanation for this is th a t th e ribosom e at the tim e of the p ro g en o te was already highly optim ized by evolution, w hereas th e optim ization of sem iperm eable m em branes energized by A T P-hydrolyzing enzym es is probably m ore recent. H o w ev er, as the gene duplication th a t gave rise to th e noncatalytic a an d 60 subunits h ad already occurred in th e p ro g en o te [1 0 ], the location w here the a-su b u n it joins the tree for the catalytic subunits (Fig. 5) gives th e loca tion of the p ro g en o te in the tree for th e phylogeny of organism s.
A ll branches, including th e o ne connecting th e tw o A rch aeb acteria to the branch leading to the eu k a ry o tes, w ere significantly positive at th e P = 0.01 level according to the likelihood ratio test perform ed with F elsenstein's D N A M L program [51] .
D ue to the redundancy of the genetic code the th ird base of each codon is subjected to much less evolutionary pressure and th erefo re has a much higher rate of change than the o th e r nucleotides. T h erefo re, in o rd e r to increase the signal to noise ratio , we d eleted all third base positions from the input files for program s th a t did not allow for differ en t w eights (i.e. D N A B O O T [51] and evolutionary parsim ony [6 , 57] (Fig. 5) .
If d ata are analyzed by norm al parsim ony m eth o d s, grossly unequal rates of change in different lineages can lead to consistently w rong results, i.e. the m ore sequence data are used, the m ore surely the result of the analysis is w rong [6 , 54, 58] .
W e used L a k e 's m ethod of invariants or evolution ary parsim ony [6 ] to assess the effect of unequal rates on the grouping of the two archaebacterial se quences. Since this m eth o d uses only p art of the in form ation th a t is present in the sequences, the d e te r m ined groupings are usually less significant th an , for exam ple, w ith m axim um likelihood m ethods. H ow ever, evolu tio n ary parsim ony is insensitive to the ef fects of u n eq u al rates [58, 6 ]. T he outcom e of the analysis w ith this algorithm is sum m arized in Fig. 6 . A s was th e case with the o th e r algorithm s, the ar chaebacterial tree is su p p o rted , confirm ing [1 0 ] that in the case o f the catalytic A T Pase subunits the analysis is n ot h am p ered by u nequal rate effects. rio n , since crossreactivity has been also rep o rted b e tw een the A T P ases from E. coli and Sulfolobus [60] . T h e m olecular sizes of the subunits of the halobacterial enzym e are q uite different from those of eith er V-o r F -A T P ases [61, 62] . Halobacteria are the group o f th e A rc h ae b ac teria which according to L ak e's analysis of the 16 s rR N A are least related to the E ocytes and which are m ost eubacterial like, a view w hich is su p p o rted by several o th e r m arkers such as ferred o xin types [63] and gas vacuole protein [64] , B ecause they allow the p lacem ent of the progen o te in the phylogenetic tree , F-and V -type A T P ases are very useful m arkers for early organism al evo lu tio n [10] . F u rth e rm o re , since the sequences of th e eu b acterial F -A T P ases and eukaryotic V -A T Pases are hom ologous but sufficiently d ifferen t, we expect th a t sequence inform ation on the h alobacterial H~-A T P ase subunits will m ake it possible to also decipher the phylogenetic position of H alobacteria presently in dispute.
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